Over the last two decades, the mutation of mitochondrial DNA (mtDNA) has emerged as a major cause of inherited human disease. The disorders present clinically in at least 1 in 10 000 adults, but pathogenic mutations are found in approximately 1 in 200 of the background population. Mitochondrial DNA is maternally inherited and there can be marked phenotypic variability within the same family. Heteroplasmy is a significant factor and environmental toxins also appear to modulate the phenotype. Although genetic and biochemical studies have provided part of the explanation, a comprehensive understanding of the incomplete penetrance of these diseases is lacking-both at the population and family levels. Here, we review the potential role of epigenetic factors in the pathogenesis of mtDNA diseases and the contribution that epidemiological approaches can make to improve our understanding in this area. Despite being previously dismissed, there is an emerging evidence that mitochondria contain the machinery required to epigenetically modify mtDNA expression. In addition, the increased production of reactive oxygen species seen in several mtDNA diseases could lead to the epigenetic modification of the nuclear genome, including chromatin remodelling and alterations to DNA methylation and microRNA expression, thus contributing to the diverse pathophysiology observed in this group of diseases. These observations open the door to future studies investigating the role of mtDNA methylation in human disease.
Introduction

Mitochondrial biogenesis
Mitochondria are the primary source of intracellular energy in the form of adenosine triphosphate (ATP). ATP is synthesized by more than 100 proteins organized into five respiratory chain complexes on the inner mitochondrial membrane. Reduced cofactors generated from the intermediary metabolism of carbohydrates, proteins and fats donate electrons to complexes I and II. Electron flux through the respiratory chain is linked to the expulsion of protons from within the mitochondrial matrix into the inter-membrane space. This generates an electrochemical gradient that is harnessed by complex V (ATP synthase) to synthesize ATP. ATP is required for all active cellular processes, from the maintenance of ionic gradients across cell membranes to muscle contraction, so a deficiency of ATP synthesis can have catastrophic effects for the cell, organ and individual. 1 The mitochondrial respiratory chain has a dual genetic origin. Thirteen key proteins are synthesized from multiple copies of circular double-stranded DNA present within each mitochondrion: the mitochondrial genome or mtDNA. mtDNA also codes for 24 RNA genes that are required for intra-mitochondrial protein synthesis. 2 However, the vast majority of respiratory chain components and proteins required for the synthesis, expression and regulation of mitochondrial genes are encoded by the cell nucleus. 3 Efficient mitochondrial function is thus critically dependent on the concerted action of two genomes, and mitochondrial diseases can be due to mutations of either nuclear DNA or mtDNA ( Figure 1) . 4 This review will focus on mtDNA and disease, although some of the downstream consequences could equally apply to mitochondrial disorders due to primary nuclear gene defects, especially if these are mediated through secondary mtDNA damage.
MtDNA and human diseases
Human mtDNA was first sequenced in 1981, 2 and the first pathogenic mutations were identified <10 years later. 5, 6 More than 200 different molecular defects have subsequently been described in patients with mitochondrial diseases. 7 Point mutations can affect the various structural subunits of the respiratory chain, or compromise protein synthesis through the RNA genes. Alternatively, large-scale deletions of mtDNA remove one or more essential genes. Duplications of mtDNA have been described in association with mtDNA deletions, but it remains unclear whether they cause a biochemical defect. 8 There are three major differences between mtDNA and nuclear DNA, which are relevant for our understanding of human disease. First, mammalian cells contain many copies of mtDNA, ranging from a few hundred to hundreds of thousands, depending on the cell type. Although the amount of mtDNA appears to be tightly regulated in a tissue-specific manner, this can change over time through poorly understood regulatory mechanisms. 9 Secondly, pathogenic mutations can affect a varying proportion of the many mtDNA molecules-from 1% to 100%, and every possibility in between. This situation is known as heteroplasmy. The percentage level of the mutation can vary from person to person and even between adjacent cells within the same individual. 10 Cells that contain a high percentage level of mutant mtDNA express a biochemical defect. This is often associated with a reduced amount of wild-type mtDNA. 11 Tissue and organs that contain many affected cells lead to the clinical features of disease. Thirdly, for all practical purposes, mtDNA is exclusively inherited down the maternal line. 12 This means that men with mtDNA disease cannot pass on the disorder to their offspring. Women harbouring heteroplasmic mtDNA mutations pass on very different levels of mutation to each of their children. This occurs because only a small group of maternal mtDNA is transmitted to the offspring (the mtDNA genetic bottleneck), 13, 14 which leads to a statistical sampling effect and rapid shifts in the heteroplasmy level within a single generation.
A further consequence of strict maternal transmission is that the mtDNA undergoes negligible intermolecular recombination at the population level. 15 As a result, mtDNA in the human population has Figure 1 A schematic representation of mitochondrial and nuclear genomes and their inter-relation with epigenetic factors. The nuclear genome is coiled around histone octamers to form nucleosomes. The tails of histone proteins are decorated with a variety of modifications that influence the regulation of gene expression. Permissive histone markings allow transcription from DNA to RNA, post-transcription processing to mRNA and translation to polypeptides and thus proteins. Nuclear-encoded mitochondrial proteins are then translocated into the mitochondrion. mtDNA also encodes genes essential for intra-mitochondrial protein synthesis, but this genome is not histone bound. In addition to mRNA, miRNA are also transcribed from nuclear DNA and can interfere with mRNA to induce degradation or suppress translation. miRNAs can influence mitochondrial metabolism and some miRNAs are known to directly activate the generation of ROS. Furthermore, miRNAs influence the expression of DNMT and HDAC enzymes. ROS produced by mitochondria or other endogenous sources can damage the mtDNA genome directly as well as influence epigenetic machinery at several levels, either through damage to miRNA or through the alteration of histone modifications. DNMTs translocate to the mitochondria and bind to mtDNA, although evidence that this is to effect epigenetic regulation remains elusive. HDAC, histone deacetylase; mRNA, messenger RNA; ROS, reactive oxygen species acquired polymorphic variants that subdivide the population into geographical clusters. 16 The major clusters are called mtDNA haplogroups. There is emerging evidence that these haplogroups have subtle biochemical consequences, 17 providing a potential explanation for the genetic association of common polymorphic variants of mtDNA with complex common human diseases such as ischaemic stroke, diabetes and Parkinsons disease (reviewed in ref. 17 ). 17 Although contentious, these polymorphic variants may also have shaped human evolution in response to the environment. 18 
Unanswered questions
Although phenotypic heterogeneity of primary mtDNA diseases can be partly explained by differences in mtDNA heteroplasmy, several major questions remain unanswered. For some common mtDNA diseases, all maternal relatives carry only the mutated mtDNA-a situation known as 'homoplasmic mutant'. Leber hereditary optic neuropathy (LHON) is a common cause of inherited visual failure. 19 In Europeans, LHON is primarily due to one of three pathogenic mutations of the mtDNA: m.11778G4A; m.3460G4A; m.14484T4C, which are found in 490% of the affected individuals. 20 The disease is maternally transmitted and typically presents in young adult life with sequential painless visual loss, but only $40% of the men and $10% of the women become affected, despite all usually being homoplasmic for the causative mtDNA mutation. 21 Several additional factors have been implicated in the pathophysiology, including the background mtDNA haplogroup, 22 which appears to involve epistatic effects through common polymorphisms in the mtDNA cytochrome b gene. 23, 24 Cigarette smoking and alcohol intake are the major risk factors for the visual loss in LHON families, 25 and nuclear genetic mapping studies implicate interacting nuclear genes. 26, 27 Finally, the homoplasmic mutations that cause LHON are found in approximately 1 in 300 of the background population, 28 but only cause blindness in approximately 1 in 20 000. 29 LHON can therefore be considered as a complex disease trait, with several genetic and environmental factors interacting to cause the disease.
Other examples include the m.1555A4G mutation that causes isolated (non-syndromic) deafness both spontaneously and in response to environmental exposure to aminoglycoside antibiotics. 30 Again, the m.1555A4G mutation is found in approximately 1 in 300 of the population. 28 These, and other examples, highlight a recurring theme: that homoplasmic mtDNA mutations are present in control subjects, only rarely cause disease and most strikingly cause tissue-specific phenotypes that differ from mutation to mutation. The reasons for the variable penetrance and tissue specificity are not known, and could well be due to the epigenetic modification of the mitochondrial genome, which influences intra-mitochondrial transcription or nuclear genes known to influence or modulate mitochondrial function.
Could epigenetic mechanisms involving mtDNA provide the answer? Evidence for mtDNA associated changes in DNA methylation MtDNA molecules are arranged in clusters, called nucleoids, which are tethered to the mitochondrial membrane and devoid of histones. 9, 31 Based on early experimental evidence in frogs and HeLa cells, 32 the prevailing view has been that mitochondria lack the machinery required for DNA methylation. However, several strands of evidence suggest that this is not the case. Bioinformatic analysis across several species shows a lower frequency of CG dinucleotides than would be expected by chance (Figure 2a) , implying a selective force acting against CpG sites in mtDNA. For comparison, the CpG fraction in the human nuclear genome is only 25% of the expected frequency, but this rises to 45% in exons. 33 Secondly, the distribution of CpG sites is not even across the human mtDNA sequence (Figure 2b) , with a low frequency in tRNA genes and a high frequency in O L , the origin of mtDNA light strand replication. This raises the possibility that the methylation of O L could influence mtDNA replication. The location of the 435 predicted CpG sites present in the mitochondrial genome is shown in Figure 3 . It can be seen that the CpG sites appear to cluster, and when considered in relation to the 3358 polymorphic variants in the mitochondrial genome, more than half of the CpG sites in the mitochondrial genome co-locate with polymorphic variants. These observations clearly require further investigation.
Patterns of mtDNA methylation were first described in the mouse in the early 1980s, 34 but at very low levels (<5%). These data comprised a 'global' measure of DNA methylation but without single base pair resolution, which is now far more tractable following recent technical developments. More recently, several key regions involved in the regulation of mtDNA gene expression were shown to be relatively protected from methylation in vitro within cultured human cell lines. 35 Intriguingly, these regions included O L , despite the high CpG content. Inducing mtDNA transcription appeared to decrease in vivo methylation, whereas inducing mtDNA replication led to increased methylation. The relatively low level of mtDNA methylation under standard cell-culture conditions could be related to the structural arrangement of mtDNA within nucleoids and associated nucleoid proteins. 35 Finally, DNA methyltransferase 1 (DNMT1) has recently been shown to translocate into mitochondria through a mitochondrial targeting pre-peptide sequence found upstream of the mature peptide, enabling direct access to mtDNA.
36 DNMT1 binds to the mtDNA within the mitochondrial matrix, and the level of intra-mitochondrial DNMT1 is up-regulated by genes known to regulate mitochondrial biogenesis, including NRF1 and PGC1. 36 There, therefore, appears to be a mechanism in place to enable the regulation of intra-mitochondrial gene expression through the methylation of mtDNA cytosine residues.
A key observation is the modulation of mtDNA methylation in response to oxidative stress. The induction of reactive oxygen species (ROS) with sublethal doses of H 2 O 2 has been shown to decrease mtDNA methylation (although it is also possible that nucleoids remodel into a more compact state during oxidative stress to provide a more insulated environment for mtDNA). 35 Although controversial, there is evidence implicating increased ROS production in mtDNA diseases, 1 raising the possibility that the suppression of mtDNA methylation acts as a compensatory response to mtDNA damage, thus increasing gene expression from residual intact mtDNA molecules. Furthermore, the influence of endogenous exposures, including ROS, has also been implicated in mitochondrial disease due to nuclear gene as well as mtDNA defects. 37, 38 The altered DNA methylation of the nuclear genome could therefore mediate the downstream consequences of pathogenic mtDNA mutations through hitherto unknown pathways, perhaps not directly related to ATP synthesis, nor indeed even directly related to mitochondrial function. If correct, then the tissue-specific expression of nuclear genes could contribute to the tissue selectivity in mtDNA diseases, and a variable epigenetic signature could explain the phenotypic variability of mitochondrial disorders.
In keeping with these hypotheses, recent evidence using an agnostic global assessment of DNA methylation showed that cells deplete in mtDNA showed altered DNA methylation of the nuclear genome, which was rescued upon the repletion of mtDNAimplicating the mitochondrion as an important determinant of epigenetic status. 36 This raises the possibility that the increased ROS production in mitochondrial diseases downregulates nuclearmitochondrial genes, further compromising respiratory chain activity. This would establish a vicious cycle, generating further ROS and ultimately leading to bio-energetic failure. Figure 4 provides a preliminary appraisal of the level of variation in DNA methylation in CpG island probes in nuclear-encoded mitochondrial genes in a group of 24 normal individuals free of mitochondrial disease. Array probes were assigned to 'non-mitochondrial' or 'mitochondrial' groups based on the CpG location. Mitochondrial gene IDs were extracted from the MitoProteome resource (www.mitoproteome.org) and matched to gene IDs on the methylation array. More than half (85%) of the gene IDs extracted from mitoproteome were present on the methylation array. It should also be noted that the non-mitochondrial group is likely to include a number of probes targeting proteins of unknown function and cellular location that target the mitochondria. A total of 1239 mitochondrial probes and 26 339 non-mitochondrial probes were analysed. One thousand and forty-two mitochondrial probes and 18 964 non-mitochondrial probes were located in CpG islands. Mitochondrial probes were preferentially located within CpG islands compared with non-mitochondrial probes (Fisher's exact P ¼ 1.058e
À22
). Outside CpG islands, there was no difference in methylation level between mitochondrial and non-mitochondrial genes. However, within CpG islands, mitochondrial probes had lower levels of methylation than non-mitochondrial probes. Mitochondrial median (IQR) was 8.4 (6.5-13.7) and non-mitochondrial median (IQR) was 9.7 (6.7-18.5), with P ¼ 2.967e
À09
. These observations relate to DNA methylation patterns in peripheral blood cells and may conceivably differ in other tissues, perhaps reflecting metabolic activity.
Since there is a general trend between the methylation and level of transcription, this observation suggests that nuclear mitochondrial genes might be more actively expressed than their non-mitochondrial gene counterparts. Further analysis of functional groupings of genes could provide evidence of coordinated regulation mediated through epigenetic mechanisms. Direct measurement of methylation in different regions of the mtDNA would also give further insight; this is the focus of future work. Knowledge of mtDNA methylation and DNA methylation of nuclear mitochondrial genes may play an important role in the future epidemiological understanding of mitochondrial disorders.
A link between mitochondrial function and nuclear DNA histone modifications Histones are nuclear proteins around which the nuclear DNA is wound. Nucleosomes are formed from assembled groups of histones, and these nucleosomes are able to fold and wind into a higher order structure. Histones and DNA that have assembled into a condensed higher order structure form chromatin. Histones can be modified by a number of posttranscriptional modifications including acetylation, phosphorylation, ubiquitination and methylation. These modifications change their ability to regulate or repair cellular processes. In general, DNA that is less bound to histones is more transcriptionally active than DNA that is bound. 39 Although the mtDNA is known for its lack of protective histones (one of the reasons why mtDNA mutations are relatively common), there is evidence that some types of histones localize to the mitochondrial membrane. 40 However, these levels are recorded at much lower levels than in the nucleus. In the nuclear DNA, histone modifications are important in transcriptional control. They can become altered in diseases affecting nuclear-encoded mitochondrial proteins, of which Friedreich ataxia is an example. This disorder is caused by transcriptional silencing of the FXN gene, which encodes a mitochondrial protein involved in biosynthesis of iron-sulphur clusters. It is characterized by a tri-nucleotide expansion, which leads to the formation of densely packed heterochromatin. The possibility of using histone deacetylase inhibitors in the treatment of this disorder is being investigated. 41 The role of histone modifications in the transcriptional regulation of other nuclear mitochondrial genes warrants further attention.
MicroRNA and the mitochondrion
MicroRNAs (miRNAs) are highly conserved, $21-mer, non-coding RNAs and are important regulators of Figure 4 DNA methylation levels in nuclear-encoded mitochondrial genes in a control population. Twenty-four healthy female adult samples were analysed for genome-wide methylation using Illumina Õ HumanMethylation27 arrays. Probes were assigned to 'non-mitochondrial' or 'mitochondrial' groups as described in the main text. Histogram shows the DNA methylation distribution of CpG island probes assigned to non-mitochondrial or mitochondrial groups gene expression in human cells. Post-transcriptional regulation by miRNAs has been reported in numerous diseases, particularly in cancer. 42 An explosion of interest has led to more than 1000 mammalian miRNAs being described. Following transcription and a number of processing steps, mature miRNAs regulate gene expression by binding to target mRNAs, usually in the 3'-untranslated regions. miRNAs may elicit their effect through a number of routes, most commonly via the targeting of mRNA for degradation or by suppression of mRNA translation. The mechanisms of maturation and action of miRNAs have been reviewed elsewhere. 43 miRNAs are important regulators of cellular function, and since their effect is not part of the transcriptional machinery, they are able to quickly alter the cell's ability to translate mRNA in response to the surrounding cellular environment. In the case of an mtDNA disorder, the immediate cellular environment may be altered, hypothetically causing an miRNA-mediated response.
Although there is no evidence, to date, to demonstrate that mitochondrial disorders directly affect miRNA expression, an increasing number of miRNAs has been shown to be involved in the regulation of mitochondrial metabolism. For example, miR-210 is postulated to target both units of the electron transport chain and tri-carboxylic acid cycle, reducing the rate of mitochondrial metabolism. 44 Evidence suggests that another miRNA, miR-30, regulates mitochondrial fission. 44, 45 In rats, it has been postulated that a small pool of miRNAs is associated with the mitochondria; these miRNAs appear to modulate the expression of genes associated with apoptosis, cell proliferation and differentiation. 46 Many of these pathways are associated with response to environmental stress such as hypoxia and may lead to downstream ROS production. As described earlier, this can affect other epigenetic marks including methylation. Furthermore, a number of miRNAs (including miR-210 and miR-128a) are known to activate the generation of ROS directly. 44, 47 To highlight the complexity and inter-related nature of epigenetic regulation, recent studies have demonstrated that DNA methylation and histone modification not only regulate the expression of miRNA genes but these marks are themselves regulated by some miRNAs. 48 A subset of miRNAs influences the expression of DNA methyltransferases and histone deacetylases. 49, 50 Thus, it could be envisaged that, for example, ROS-induced alteration of DNA methylation patterns in the nuclear genome might alter miRNA expression and this, in turn, could impact upon other aspects of epigenetic regulation and ultimately, possibly pleiotropically, upon disease phenotype. Such complex interaction of epigenetic regulation, however, is not unique to mitochondrial disease.
Epidemiological approaches applicable to investigating epigenetic variation in the context of mitochondrial diseases Conventional epidemiological study designs can be applied to investigate the role of epigenetic variation in relation to a variety of intermediate phenotypes or diseases, 51 including mitochondrial disease. Epigenetic variation can be considered as a continuous variable or phenotype and analysed using standard epidemiological methods, although with some caveats relating to the largely non-normal distribution of epigenetic data. Selecting the most appropriate study design requires consideration not only of epigenetic phenomena but also of the idiosyncrasies of mitochondrial genetics and the inheritance patterns of mitochondrial diseases.
A case-control study design would allow the comparison of epigenetic patterns in subjects with mitochondrial disease and those without clinical signs of disease and ideally without disease-causing mitochondrial mutations. Family-based studies, including trios of mother, father and child, probably offer the most powerful design to interrogate the relationship between epigenetic variation and mitochondrial disease, this design having been widely used in the study of mitochondrial diseases, given their maternal inheritance patterns. 52 The use of paternal controls has been advocated in conventional epidemiological investigations when assessing maternal in utero effects. 53 For example, assessing the relationship of maternal smoking and offspring birthweight and then comparing this with paternal smoking and offspring birthweight will give some indication of likely confounding. Similar risk estimates from both paternal and maternal analyses would be suggestive of confounding, as maternal smoking, if a causal biological birthweightreducing mechanism, should have a much larger influence than paternal smoking.
Epigenetic modifications have inherent features that must be considered in designing epidemiological studies. Epigenetic patterns change over time with a high degree of plasticity in early life and stochastic, age-related loss of fidelity in older age. 54 Therefore, any cross-sectional appraisal, for example, of DNA methylation could only be confidently associated with any specific outcome at the time of sampling. This, however, should not detract from the potential utility of epigenetic marks as diagnostic or prognostic biomarkers. Serial sampling or longitudinal study designs can overcome some of these limitations. Unlike genetic epidemiology, which is robust to the vagaries of confounding and reverse causation that plague conventional observational epidemiology, epigenetic epidemiology is not. Potential confounders such as age, smoking and diet should be routinely considered in epigenetic studies for this reason.
Numerous environmental factors are known to impact upon the epigenome; 55 indeed, this has fuelled interest in epigenetics as a biological mechanism mediating environmental influences on complex disease risk, 56 including mitochondrial diseases. As mentioned earlier in the context of LHON, environmental factors of particular relevance to the aetiology of mitochondrial diseases include smoking and alcohol intake.
For the reasons outlined in the introduction, further complexity arises when studying the potential role of the epigenetic modification of mtDNA in mitochondrial diseases. Different levels of heteroplasmy 7 -both within and between individuals-and the influence of background polymorphic variation (haplogroups) 24 confound the relationship between mtDNA genotype and clinical phenotype for common pathogenic mtDNA mutations. The factors must be accounted for in any epidemiological approach.
Methods of measuring epigenetic variation relevant to investigating mitochondrial diseases
Technologies available for the analysis of epigenetic variation have undergone rapid development in recent years, harnessing the methodological advances from the broader field of genomics. The highly detailed annotation of nuclear genome-wide DNA methylation is now a realistic proposition, 57, 58 and less detailed, high-throughput appraisal of genomewide DNA methylation is a cost-effective approach to highlight areas of differential nuclear DNA methylation. 59 A wide repertoire of techniques is available to quantify DNA methylation, assess histone modifications or measure miRNA expression levels in the context of nuclear DNA (reviewed in detail elsewhere), 60 and could be applied to investigate the influence of mitochondrial dysfunction on the nuclear epigenome. DNA from peripheral blood samples is frequently used in population-based studies, primarily due to its ease of collection and storage. The suitability of using DNA from peripheral blood for analysing DNA methylation has been questioned, especially since the DNA methylation pattern may not be representative of the disease-relevant target tissue. Measuring DNA methylation in blood has recently been reviewed. 61 Additionally, DNA methylation is known to vary between blood cell types, further complicating analysis. 62, 63 However, DNA methylation variation in peripheral blood has been proposed as a marker for a number of cancers 63, 64 and complex diseases including type 2 diabetes. 65 More recent studies have begun to account for blood-cell type differences. 63, 65 The tissue-specific nature of epigenetic patterns may hold additional relevance for mitochondrial studies, where the heteroplasmic load of mtDNA mutations varies between tissues 59 and peripheral blood DNA might only be appropriate to analyse if heteroplasmy levels reflect those of the relevant target tissue.
Some of the approaches that can be readily applied to the direct analysis of mtDNA are summarized below. These are not intended to be exhaustive, merely illustrative.
Bisulphite sequencing
The bisulphite modification of DNA forms the basis of a number of methods to detect and quantify the level of methylation in a given sample, including bisulphite sequencing. The bisulphite modification of DNA provides a way of differentiating between cytosine bases in CpG sites that are methylated and those which are not. Methylated cytosine bases have a methyl group bound to the carbon-5 position of their pyrimidine ring. During bisulphite treatment, 5-methylcytosine (5-mC) residues are protected, but cytosine residues that are unmethylated are converted to uracil. Although widely used, bisulphite treatment denatures a high proportion of the template DNA, thus reducing the number of longer length templates for downstream applications. The availability of longer fragments has been studied in depth. 66 Despite this length limitation, a number of downstream methods can be employed to measure how much of the original template was methylated. The simplest of these methods is sequencing of the bisulphitemodified DNA. Bisulphite sequencing is a wellestablished method, is able to assess single CpG sites and is relatively quick to perform, and is a tractable undertaking in the context of the 16 kb mitochondrial genome. However, it does not allow the percentage methylation at a given site to be quantified. During sequencing, methylated and unmethylated bases are differentiated on the basis of detecting a cytosine or thymidine base at a given CpG site. More recently, second-generation sequencing has been used to quantify methylation state at high resolution; 57, 67 this approach could also be utilized in the quantification of methylation in the mitochondrial genome.
It is worth noting that bisulphite modification does not differentiate between 5-mC and 5-hydroxymethylcytosine (5-hmC), which occurs when a methyl group followed by a hydroxyl group is added to a cytosine residue. The existence of 5-hmC to date has been reported in the brain and ES cells, but it is unknown whether this form of covalent epigenetic modification occurs in mtDNA. The relative biological roles of 5-mC and 5-hmC have been described. 68 5-hmC has also been shown to be involved in mammalian transcriptional regulation. 69 To measure the contribution from each of these methylation species, another method should be used, for example, methylated DNA immunoprecipitation (MeDIP) using antibodies to 5-mC or 5-hmC. Platforms are now coming online that have the capability to undertake single molecular, real-time sequencing that can distinguish between 5-mC and 5-hmC. For example, the Pacific Biosciences PACBIO RS platform and Helicos BioSciences Corporation's Genetic Analysis platforms currently lead the way in this area.
Pyrosequencing
Õ
Pyrosequencing
Õ is a sequence by synthesis method to detect the methylation of CpG sites over a short region of DNA, typically between 50 and 100 bp in length.
It uses a bisulphite-modified DNA template, from which amplicons are generated in a standard polymerase chain reaction (PCR) using a biotinlabelled primer. A sequencing primer is annealed to single-stranded PCR amplicons and incubated with a cocktail of enzymes and substrates. During this sequencing by synthesis method, deoxyribonucleotide triphosphates (dNTPs) are added sequentially to the template, and light produced in the luciferasecatalysed reaction is recorded. The light detected is proportional to the number of nucleotides incorporated. By recording the signal from the incorporation of C or T dinucleotides at a CpG site, the site-specific percentage of methylated DNA template can be quantified. This method has been reported to have a detection limit of 2-5%. 70 Pyrosequencing Õ has been widely used as a method for detecting methylation. Drawbacks include the low to medium throughput (96-well plates) and the small number of CpG sites that can be investigated in one read, thus requiring multiple amplicons to cover a sizeable region.
The EpiTYPER Õ platform, as with Pyrosequencing Õ , relies on the initial generation of bisulphite-modified DNA and measures DNA methylation. Modified DNA is amplified by PCR using primers designed to target the region of interest, then is subjected to in vitro transcription. This step generates a single-stranded RNA molecule that is cleaved in a base-specific manner. The resulting fragments are analysed by matrix-assisted laser desorption ionization time-offlight mass spectrometry (MALDI-TOF MS). This method is rapid and high throughput. Small amounts of input DNA are required (10-20 ng) and CpG methylation in up to 400 bases can be detected. The detection limit of the method is $5%, 71 although some reports suggest it is slightly lower at $3%.
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One of the main drawbacks of this method is that CpG sites in close proximity to each other are often not resolved following RNA cleavage. This results in CpG methylation values that are averages of a pair or group of CpG sites. Overlapping and duplicated signals arising from fragments of the same mass also complicate analysis. However, this method has been used widely to measure methylation in genomic DNA and could be used in future to assess mtDNA methylation.
Whole-genome methylation arrays Whole-genome DNA methylation arrays have been developed, which allow high throughput analysis of DNA methylation, the most recent of which is the Illumina Õ HumanMethylation450 BeadChip. 73 This array utilizes beads with target-specific probes to measure methylation at individual CpG sites. Although none of these probes anneal to mtDNA, a number of them bind nuclear targets that are important for mitochondrial function (as discussed earlier).
Chromatin modifications
As described earlier, mtDNA lacks protective histones and so cannot condense to form nucleosomes. Instead, mtDNA is packaged with proteins to form nucleoids. Protein-DNA interactions are commonly analysed by chromatin immunoprecipitation (ChIP) followed by a further downstream analysis of the extracted DNA (and protein). 74 mtDNA-packaging proteins such as Abf2 have also been successfully characterized using ChIP-like procedures. 75 miRNA expression Expression of characterized miRNAs can be measured using array-based methods, which are currently able to measure in the region of 1100 human miRNAs. 76, 77 Quantitative PCR methods are also commonly used, either in profiling miRNAs using one of a number of commercially available panels or in analysis of single miRNAs. 77 RNA is typically extracted from tissue or cells with enrichment for small RNA molecules. 78 Following the identification of miRNAs, which have altered expression, the downstream evaluation of target gene expression in putative miRNA targets can be employed.
Transcriptome sequencing
Relative transcript abundance (between individual tRNAs, mRNAs and rRNAs), RNA variation and post-translational modification can be investigated by using next-generation sequencing (NGS) of purified mitochondria RNA. By marrying the depth of NGS, by resequencing a relatively small genome, with parallel analysis of RNA ends (PARE), the global schema of polycistron cleavage can be investigated. 79 Summary and future direction In summary, there is a strong motivation to explore the role of epigenetic mechanisms in mtDNA disease, as epigenetic factors may serve to explain the observed phenotypic heterogeneity, variable penetrance and pronounced environmental triggers in this group of disorders.
Epidemiological approaches can contribute to knowledge and understanding in this nascent field, as they have done in defining the prevalence of pathogenic mtDNA mutations in the general population. 28 Wellcharacterized patient populations, including the detailed information of polymorphic variation in the mitochondrial genome and haplogroup categories, will greatly assist in this endeavour, as epigenetic variation can not only be investigated in relation to the presence or absence of clinically diagnosed disease status but can also probe the relationship between the mitochondrial genome, epigenetic signatures and a multitude of phenotypic traits. Furthermore, the evolutionary role of CpG sites in the mitochondrion remains unexplored and the epidemiological investigation of their distribution at a population level may well provide insight into the processes of mitochondrial genetic selection.
Technologies are now available to directly assess epigenetic variation in both the mitochondrial and nuclear genome in relation to mitochondrial disease. The challenge remains, should correlative observations be made, to discern whether these are causal in the pathogenesis of mitochondrial disease itself, in a broader array of common complex diseases in which mitochondrial dysfunction has been implicated, or whether such associations are non-causal epiphenomena. 
